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In Brief
Pal et al. report a key role of the CCM-3/ GCK-1/CASH-1 complex in gonadal lumen formation and embryogenesis by mediating endosomal recycling and proper localization of polarity proteins. Conservation of the complex from nematodes to humans might help understand the underlying mechanism of cerebral cavernous malformation (CCM) disease.
SUMMARY
Cerebral cavernous malformations (CCMs) are vascular defects of the CNS that arise from loss of integrity of the endothelial cells lining blood capillaries, causing leakage of blood into the brain [1] . This results in headaches, seizures, and/or hemorrhagic stroke, depending on the location of the lesion. CCM affects 0.5% of the population and follows an autosomal dominant inheritance pattern caused by mutations in one of the three genes: CCM1 (gene name KRIT1), CCM2 (also known as malcavernin or OSM), and CCM3 (gene name PDCD10) [2, 3] , with the earliest onset and most severe prognosis occurring in CCM3 patients [4] . The three CCM genes encode structurally distinct scaffold proteins that function in multiple complexes [5] [6] [7] [8] [9] . Using the C. elegans germline as a model of multicellular tube development, we show here that CCM-3 is enriched at the luminal membrane of the germline and the contractile ring of dividing cells in the embryo. Loss of ccm-3 results in defective RAB-11-mediated endocytic recycling, which in turn is necessary for gonadal lumen (rachis) formation, completion of cytokinesis, and localization of cell-surface receptors. CCM-3-mediated localization of anillin and non-muscle myosin to the lateral surfaces of germ cells is required for proper cytoskeletal organization, subsequent oocyte growth, and localization of polarity proteins. Biochemical analysis reveals conservation of the STRIPAK complex and distinct roles for GCK-1 (germinal center kinase III family protein) and striatin/CASH-1 in controlling the localization and function of CCM-3. Taken together, our data establish CCM-3 as a novel regulator of rachis lumenization and polarity establishment during embryogenesis.
RESULTS AND DISCUSSION

ccm-3 Mutants Are Sterile and Contain Multinucleate Germ Cells
We recently developed a C. elegans model to investigate the in vivo functions of cerebral cavernous malformation 3 (CCM3) and showed that the worm protein (CCM-3) localizes along the apical (luminal) membrane of both unicellular tubes (excretory canals) and multicellular tubes, including the germline [10] . The nematode germline forms a multicellular tube consisting of two symmetrical U-shaped gonad arms connected by a common uterus in the middle of the body. At the distal end of the gonad, germ cells undergo mitotic proliferation in response to LAG-2 Notch ligand expressed on the distal tip cell (DTC). After they escape the influence of LAG-2/Notch, germ cells mature through the stages of meiotic prophase I until they become fully cellularized oocytes at the proximal end of the gonad ( Figure 1A ) [11] . During development, germ cells undergo incomplete cytokinesis that generates openings connecting them to the common cytoplasmic core called the rachis (Movie S1). Using the previously characterized deletion allele tm2806 [10] , we observed that homozygous ccm-3(tm2806) mutants produce small, round oocytes that render them sterile (Figure 1B) . Co-expression of a GFP::CCM-3 translational reporter with the PLC1d1 membrane marker (mCh::PH) showed localization of CCM-3 to the stable intercellular bridges lining the rachis, the cytoplasm, and to oocyte membranes ( Figures 1C and C') . Introduction of the ccm-3(tm2806) allele (henceforth designated as ccm-3(À/À)) into a strain expressing membrane (GFP::PH) and nuclear (mCh::Histone) markers revealed that the contractile rings connecting germ cells to the lumen lacked defined openings to the rachis ( Figures 1D and 1E ). To determine when these defects arise, we monitored germline development from the second larval stage (L2) to adulthood and found that the rachis lumen failed to form in ccm-3(À/À) mutants at all stages and that the organized arrangement of germ cells became disrupted as the worms reached adulthood ( Figures 1D and 1F ). Many germ cells were also multinucleated ( Figures 1F and 1G) , suggesting a role for CCM-3 in cytokinesis. Consistent with this, we observed a 50% reduction in mitotically proliferating ccm-3(À/À) germ cells ( Figure S1A) ; from $20 cell diameters in wild-type (WT) [12] and ccm-3(+/À) to $15 cell diameters in ccm-3(À/À) mutants (Figure 2A , left panels).
CCM-3 Regulates Endocytic Recycling of Cell Surface Receptors
Since mitotic germ cells are maintained in a proliferative state by binding of the cell-surface Notch receptor GLP-1 to the LAG-2/Notch ligand on the DTC [13] , we wondered whether ccm-3(À/À) mutants had defective Notch signaling. Immunostaining with anti-GLP-1 antibodies revealed markedly reduced GLP-1 in the mitotic zone of ccm-3(À/À) mutants (Figure 2A , right panels). Since Notch receptors are trafficked from the ER to the cell surface and CCM-3 is known to promote endocytic recycling [10] , we hypothesize that recycling of GLP-1 is dependent on CCM-3.
We also observed that pachytene-stage nuclei were present beyond the gonad loop region in ccm-3(À/À) mutants, which is normally occupied by growing oocytes in WT animals ( Figure 2B , top panels). We wondered whether this was due to defective LET-60/Ras signaling, which is required for pachytene exit as well as maintenance of the rachis [14] . Therefore, we checked phosphorylated MPK-1/ERK (p-MPK-1), a downstream target of Ras signaling, and observed dramatically decreased signal in ccm-3(À/À) germlines ( Figure 2B , bottom panels). These results suggest a general requirement for CCM-3 in receptor recycling, which is supported by reduced RME-2 receptor on the surface of ccm-3(À/À) oocytes. RME-2 mediates endocytosis of yolk proteins such as vitellogenin (VIT-2) that are secreted into the body cavity from the intestine [15] . In ccm-3(À/À) oocytes, RME-2 accumulated in the cytoplasm, concentrating in the perinuclear space ( Figures 2C, 2E , and 2F), resulting in accumulation of VIT-2 in the body cavity ( Figure 2D ). Both GLP-1 and RME-2 undergo regulated internalization, which can then be either degraded in the lysosome or recycled back to the cell surface [15, 16] . Consistent with our previous work showing that CCM-3 promotes endocytic recycling [10] , we found that the small GTPase RAB-11, an essential component of endocytic recycling [17] , co-localized to the perinuclear region of ccm-3(À/À) oocytes with RME-2 ( Figures 2E and 2F ). This suggests that CCM-3 plays a central role in receptor localization to membranes via RAB-11-mediated recycling.
Defective recycling could contribute to the lack of rachis expansion in ccm-3(À/À) mutants since recycling endosomes also play an important role in lumenization of biological tubes [18, 19] . Active Cdc42 associates with RAB11A-positive vesicles during de novo lumenogenesis in MDCK cells [20] , and ablation of the C. elegans Cdc42 homolog (cdc-42) prevents oocytes from taking up yolk protein due to impaired endocytosis [21] . As we saw with RAB-11, CDC-42 mislocalized to puncta in the perinuclear region of ccm-3(À/À) oocytes ( Figure 2G ). Using the translational reporter, mGFP-tagged G protein binding domain of WSP-1 (GBD WSP-1 ), which binds to active GTP-loaded CDC-42, we verified that CDC-42 activity was repressed in ccm-3(À/À) mutant oocyte membrane ( Figure 2H ). Although our data suggest a possible direct role for CCM-3 in RAB-11-dependent recycling, it is also possible that CCM-3 is required for localizing CDC-42 to oocyte membranes. In either case, this would result in defective yolk protein uptake.
ccm-3 Mutants Fail in Cytokinesis
Studies using the C. elegans embryo showed that RAB-11 is required for addition of new membrane to the ingressing cleavage furrow [22] . Localization of CCM-3 to intercellular bridges lining the rachis, as well as its effect on RAB-11, prompted us to investigate a potential role in cytokinesis. Examination of early embryonic cell divisions by time-lapse video microscopy revealed that CCM-3 localizes to the cleavage furrow of the one-cell embryo, concentrating at the contractile ring. After completion of cytokinesis, CCM-3 persists as foci on nascent partitions, similar to the midbody remnant ( Figure S1B ; Movie S2). To determine whether CCM-3 is required for cytokinesis, we imaged early divisions in embryos depleted of CCM-3 using an anillin reporter (GFP::ANI-1). Anillin is an actomyosin scaffold protein that also localizes to the cleavage furrow during cell division. In embryos depleted of CCM-3, the cleavage furrow formed and cytokinesis apparently completed, but the nascent partition rapidly regressed, generating multinucleate cells (Figure S1C ; Movie S3). Given the importance of endocytic recycling for completing cytokinesis [22, 23] , we conclude that CCM-3 plays a key role in the recycling of material required for germline development and late stages of cytokinesis. This most likely accounts for the multinucleated germ cells in ccm-3(À/À) gonads ( Figure 1G ). However, given the role of vesicle trafficking in the formation of the worm egg shell, we cannot rule out that cytokinesis defects are the result of osmotic dysregulation.
Recruitment of Anillin and Non-muscle Myosin Requires CCM-3 Since anillin acts as a scaffold for proteins that orchestrate cytokinesis and anillin mutants have similar germline defects as ccm-3(À/À) mutants [24, 25] , we wondered whether CCM-3 might affect these proteins. Of the three C. elegans anillin homologs, ANI-1 and ANI-2 are crucial for development of the germline [25] . The canonical anillin ANI-1 is present on both the rachis and lateral surfaces of germ cells and binds non-muscle myosin II (NMY-2), F-actin, and septin [26] [27] [28] . ANI-2 is a shorter anillin isoform that lacks actin and myosin binding domains and localizes exclusively to the rachis bridges, where it antagonizes ANI-1 to prevent completion of cytokinesis [25] . This establishes connections with the rachis core to generate the syncytial gonad. In the absence of ANI-2, the rachis collapses to form multinucleate cells and small round oocytes [24] that resemble ccm-3 mutants. Since they both localize at the rachis bridges, we next asked whether ANI-2 distribution was affected by CCM-3. In L4-stage ccm-3(À/À) mutants, ANI-2 localization on the rachis membrane was unaffected, but by the adult stage, with no expansion of the luminal core, ANI-2 was only found on remnants of rachis membrane and the perinuclear space of underdeveloped oocytes (Figure 3A) . Similarly, CCM-3 only persisted on the remains of the rachis membrane after ablation of ani-2 ( Figure S2A ). The presence of CCM-3 at the cleavage furrow of the early embryo, where very little ANI-2 has been reported [25, 29] , reinforces our conclusion that CCM-3 localization is not dependent on ANI-2. Therefore, ANI-2 prevents contractile ring closure whereas CCM-3 stabilizes the contractile ring, most likely through endocytic recycling. Beyond the well-documented role of anillin in cytokinesis, it has also been implicated in enforcing junctional integrity of epithelial cells through Rho-GTP accumulation and actomyosin organization [30] . Worms lack junctions in the germline, but ANI-1 is present on the rachis and lateral membranes of developing germ cells [25] . Although localization of ANI-1 at the cleavage furrow (both the germline rachis and the embryo) was unaffected, localization at the lateral surfaces of germ cells was greatly diminished in ccm-3(À/À) mutants ( Figure 3B ). Anillins are required for proper localization of NMY-2, which is required for actomyosin organization [25, 30] . In C. elegans, cortical NMY-2 and its regulatory light chain MLC-4 regulate cytoplasmic streaming, cellularization, and membrane maintenance necessary for oocyte growth [31] [32] [33] . NMY-2 was also lost from the lateral surfaces of the germ cells in ccm-3(À/À) mutants ( Figure 3C ), similar to ablation of ani-1, but its localization at the membrane lining the dilated rachis was unperturbed (Figure S2C) . We conclude that CCM-3 is required for organizing anillin and myosin on the cortical surfaces of germ cells to promote oocyte growth.
CCM-3 Regulates Polarity
Fertilization establishes polarity of the C. elegans embryo, in part through the activity of non-muscle myosin [34] . The abnormal NMY-2 distribution in ccm-3(À/À) germlines ( Figure 3C ) prompted us to investigate whether CCM-3 affects contractile events and polarity. Immediately after fertilization, actomyosin-mediated cortical constrictions create reciprocal cytoplasmic flow toward the posterior pole to establish anterior-posterior (A/P) polarity, with the PAR-3/PAR-6/PKC-3 (aPAR) complex localizing to the anterior pole and PAR-2/PAR-1 to the posterior pole [35] . In the subsequent maintenance phase, CDC-42 restricts myosin and aPAR proteins to the anterior pole of the embryo [36] [37] [38] . We suspected a role for CCM-3 in the regulation of polarity after observing a range of cytokinesis defects in early embryos depleted of ccm-3 that ranged from lack of actomyiosin contractions (7 out of 17 embryos) and pseudocleavage (9 out of 17 embryos) to regression of the cleavage furrow (1 out of 17 embryos) (Movie S4), which is reminiscent of nmy-2 depletion [34, 39] . To determine whether CCM-3 affects A/P polarity in the embryo, we examined the localization of the polarity proteins PAR-6 and PAR-2, which occupy the anterior and posterior domains, respectively. Ablation of ccm-3 disrupted the localization of these proteins ( Figure 3F ). For example, in 10 out of 15 embryos, PAR-2 was distributed in patches on the cortex and often mislocalized to the lateral side ( Figures 3F and 3F' ; Movie S4), similar to ablation of nmy-2 or mlc-4 [34, 39, 40] . In these same embryos, PAR-6 was found to occupy the entire cortex. We also observed two embryos in which PAR-2 was distributed all around the cortex whereas PAR-6 was sequestered in the cytoplasm. Two other embryos had PAR-6 localized to a small patch on the cortex, whereas the rest of the cortex was occupied by PAR-2. Timelapse imaging revealed localization of GFP::CCM-3 to the anterior cortex at the time of polarity establishment, supporting a role in polarization of the embryo ( Figure 3E ). CCM-3 also had strong effects on PAR-2 localization in the germline. Although there was only a modest (1.6-fold) increase in PAR-2 after ablation of ccm-3, we observed a dramatic re-localization of the protein from germ cell membranes to nuclei in the meiotic region ( Figure 3G ). Taken together, these results establish CCM-3 as a novel determinant of cell polarity.
Structure-Function Analysis of CCM-3
Participation of CCM3 in diverse biological processes is not surprising considering its ability to form multiple complexes with a variety of proteins such as CCM2, paxillin, striatin, and germinal center kinases (GCKs) [6, 7, 9, 41] . In human cells, the majority of CCM3 resides in the STRIPAK complex, where it interacts with GCK III proteins (MST4, STK24, and STK25) through its N-terminal homodimerization domain and striatin via its C-terminal FAT domain [6, 9] . The critical residues mediating these interactions are conserved in C. elegans ( Figure 4A ), and we previously demonstrated a physical interaction between CCM-3 and the worm GCK III ortholog GCK-1 [10] . Like CCM-3, GCK-1 localizes to rachis bridges lining the lumen of the germline and the cleavage furrow of dividing cells in the early embryo ( Figure S2D ). The germlines of gck-1(km15) mutants have a collapsed rachis lumen and underdeveloped oocytes that are indistinguishable from those of ccm-3(À/À) mutants. PAR-2 also mislocalizes to meiotic germ cell nuclei upon depletion of gck-1 ( Figure 3G , lower-middle panel), suggesting a common link to polarity establishment through CCM-3/GCK-1. Unexpectedly, ablation of gck-1 caused GFP::CCM-3 to mislocalize to germ cell nuclei, although a small amount was still present on sections of the collapsed rachis membrane ( Figure S2A , middle panel). Conversely, ablation of ccm-3 displaced GCK-1::GFP from the rachis membrane, where it accumulated in the cytoplasm but not nuclei ( Figure S2E ). Knockdown of the striatin ortholog cash-1 by RNAi caused rachis collapse in 20% of worms, small oocytes in 44% of worms, and nuclear mislocalization of PAR-2::GFP in 50% of worms ( Figure 3G , lower-right panel). Based on these observations, we predict the existence of a conserved worm STRIPAK complex on the luminal membrane of the germline. But what interactions with CCM-3 are important for rachis formation and embryonic development?
To define the functional significance of interactions between CCM-3, GCK-1, and CASH-1, we created GFP-tagged constructs in which the conserved residues of CCM-3 required for binding GCK-1 or CASH-1 were mutated and then expressed in ccm-3(À/À) mutants [9, 42, 43] . Mutations in the N-terminal domain required for binding GCK-1 (L41D, A44D, L63D, and L64D) caused GFP::CCM-3 to localize to germ cell nuclei similar to WT CCM-3 in worms treated with gck-1(RNAi) (Figures 4B and S2A ). The N-terminal mutant failed to rescue germ cell morphology and sterility of ccm-3(À/À), reinforcing the importance of the interaction between CCM-3 and GCK-1 and in agreement with Rehain-Bell et al. [44] . The C terminus of CCM3 binds striatin/CASH-1, paxillin, and CCM2 [9, 41] , and mutation of the four lysine residues (K132A, K139A, K172A, and K179A) crucial for binding striatin/CASH-1 caused displacement of GFP::CCM-3 from the rachis membrane to the cytoplasm, but not mislocalization to nuclei ( Figure 4B ). Although there was no improvement in rachis morphology, about 60% of ccm-3(À/À) worms expressing the C-terminal CCM-3 mutant were fertile and produced embryos, some of which developed to the comma stage ($330 min post-fertilization) prior to arresting. Thus, the interaction with GCK-1 is crucial for all functions of CCM-3, but its interaction with CASH-1 is dispensable until later stages of embryonic development. We propose that binding of CCM-3 to GCK-1 keeps CCM-3 in the cytoplasm and supports proper oocyte development and that binding to CASH-1 localizes CCM-3/GCK-1 to the membrane ( Figure 4E ). Mammalian CCM3 mediates interactions between the GCK III kinases and the other STRIPAK proteins [9] . To determine whether these physical interactions are conserved, we immunoprecipitated GCK-1::GFP from whole-worm lysate and identified the associated proteins by mass spectrometry. Several STRIPAK components were recovered as major interactors ( Figure 4F ; Table  S1 ), but the absence of KRI-1/CCM1 in the recovered peptides reinforces the view that CCM3 functions by a mechanism distinct from that of CCM1/2 [10, 45] .
In conclusion, we used a combination of genetics, cell biology, and proteomics to demonstrate that CCM-3 functions as a key node that integrates multiple signaling pathways to promote germline tube development through diverse yet interlinked processes, including endocytic recycling, actomyosin organization, cytokinesis, and cell polarity. This work has important implications for understanding the aggressive nature of CCM disease in patients with mutations in the CCM3 gene. (F) GCK-1-interacting proteins identified by immunoprecipitation followed by mass spectrometry. The interactome map in C. elegans (top) reveals conservation of the STRIPAK components compared with those of humans (bottom). Line thickness is proportional to normalized spectral counts (total number of peptides divided by protein length) for the prey. The orthologous proteins in the two species are color coded. See also Table S1 . experiments. A.-C.G. provided input on mass spectrometry and design of
